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ABSTRACT
A radiation cooled, segmented anode was
tested in a low power (lkW class) arcjet thruster in
order to study the current distribution in the
attachment region of the nozzle of the thruster. The
nozzle was composed of five segments insulated from
one another with boron nitride spacers and matched the
critical dimensions of nozzles commonly used in
previous testing. The anode was configured so that
the current could be collected across any combination
of the segments and the potential difference between
the cathode and each of the segments was monitored
during testing.
Test measurements showed that the discharge
initiates in the high pressure region of the nozzle
upstream of the diverging section of the nozzle and
then rapidly moves to seat in the diverging section. In
steady state operation, with all of the segments
connected, the current was observed to attach diffusely
across the four segments in the divergent section.
Virtually no current was collected by the upstream
segment that included both the converging section and
constrictor. The arcjet operated stably as segments
were switched out to force the anode attachment zone
downstream in the nozzle. In the case in which only
the final segment was conducting, floating potential
measurements from the other segments provided an
approximation of the voltage gradient along the arc
Column. This showed that more than 50 percent of
the energy input to the device is added to the
propellant downstream of the constrictor exit.
Floating potential measurements also provided a rough
indication of the anode fall voltage. This appeared to
be between 10 and 20 volts when the arcjet was
operating with the two downstream segments isolated,
but increased greatly (to more than 40 volts) when the
current was forced to the high pressure region of the
constrictor.
INTRODUCTION
Over the past 5 years a research and development effort
has been focused on readying kW class, dc arcjet
thruster technology for north-south stationkeeping
(NSSK) of geosynchronous communications
satellites. These programs have demonstrated stable
arc jet operation on storable propellants over the range
of specific power available on next generation
spacecraft. 1-4 Specific impulse values in the range of
450 to 550 seconds have been demonstrated. This
represents at least a 50 percent increase over that
available with the propulsion systems currently in
use. In the course of these investigations, a pulse
width modulated power supply with an integrated
induction energy storage pulser for startup has been
developed 5. Starling phenomena have been studied in
detail and found to be dependent on several factors
including pulse rise time, mass flow rate, and arcjet
geometry. 6 A 1000hr/500 cycle lifetest of a
laboratory model thruster was completed 7 and flight-
type systems have been built for life, performance, and
satellite integration testing. 8,9 Langmuir probe
surveys of the plume have measured electron number
density and temperature distributions in the plume far
fieldl0,11 and these data have been used in a
preliminary assessment of plume impacts on
communications. 12
In addition to the technology development
effort, basic research on fundamentals controlling both
electrode life and device efficiency is also in progress.
While the emission processes and electrode erosion
phenomena have been studied in some detail 3,13,14
little is known about the fundamental energy input
mechanism which is the major efficiency driver in the
device. In the arcjet, an arc is struck between a tipped
cathode and an anode which also functions as the
nozzle. Efficiency is determined by energy losses at
the electrodes; losses due to excitation, ionization, and
dissociation of the gas not recovered in the expansion
process (i.e., frozen flow losses); and incomplete
expansion in the nozzle. The emission processes at
the cathode has been well documented 14 and represent
small energy losses which probably cannot be altered
significantly. Similarly, a recent report has shown
thatconstrictortipgeometryandroughnesshavelittle
effectonperformance.15Thesamestudyindicated,
however,thatthedesignof thedivergingsectionof
thenozzlehadasignificantimpactontheoperating
characteristicsofthedevice.Thisisbecausethenozzle
geometryis importantin determiningtheregionin
whichthearcattaches.Little isknownabouthis
regionbecausethesmallsizeofthedevicemakesboth
intrusiveandnon-intrusivediagnosticsdifficult.
Thisreportdescribespreliminaryesultsofan
experimentalprogramdesignedto improvethe
understandingof thearcanodeattachmentzoneandthe
effectit hasonarcjetoperatingconditions.A five-
segmentedanode/nozzlewasfabricatedandrunina
laboratorymodelarcjet.Thisnozzlehadthesame
criticaldimensionsasthebaselinenozzleusedin
previouslaboratoryexperiments,but the five
segmentsallowedobservationof the current
distributionfromtheconstrictorthroughthediverging
sectionof thenozzle.Thedesignpermittedthese
segmentstobeisolatedindividuallyoringroups,and
measurementof hepotentialdifferencebetweenthe
cathodeandanyof the individualsegmentswas
possible.Thearcjetwasrunonahydrogen/nitrogen
mixturesimulatingthedecompositionproductsof
hydrazineatamassflowrateandpowerleveltypical
ofthatexpectedonacommunicationssatellite.
APPARATUS AND EXPERIMENTAL
PROCEDURE
Arc iet Thruster, A cross-sectional schematic of the
arcjet thruster used for this report is shown in Figure
1. This modular thruster is identical to the thrusters
used in many recent testsl4,15 with the exception of
the minor modifications made to accomodate the
segmented nozzle and the nozzle itself.
The cathode was made from a 2 percent
thoriated tungsten rod 3.2 mm in diameter and
approximately 190 mm in length. The cathode tip
was initially ground to a 30 ° half angle to match the
• converging side of the first segment of the nozzle.
The cathode entered the rear insulator via a modified
stainless steel compression type fitting. This fitting
was held in place by a threaded, center-drilled, holding
bolt and which also locked the cathode into place. A
graphite foil gasket was inserted between the
compression fitting and the rear insulator to provide a
gas-fight seal.
Propellant entered the thruster through a
threaded fitting that seated on a graphite foil gasket on
the rear insulator and mated with a side-tapped, center-
drilled stainless steel anchor. The inner diameter of
this anchor was large enough to add one passage of an
aluminum tube through which the cathode passed.
This effectively isolated the propellant system from
the arc jet electrodes.
The rear insulator was made of high purity
boron nitride and held an inconel spring and a boron
nitride compression plunger. Stainless steel washers
were inserted behind and in front of the spring as
necessary to give the desired length. A stainless steel
anode housing was used in this test. The forward
(downstream) surface of this housing was thinned
down to the point that the first anode segment
(comprising the converging side of the nozzle and the
constrictor) extended slightly from the end. The
housing also held the boron nitride front insulator and
the propellant injection disk. Graphite foil gaskets
were inserted between the components. The front
insulator also served to center the cathode in the arc
chamber and rectangular slots along its exterior
allowed propellant passage to the injection disk.
Tangential injection ports, 2 mm in diameter, in this
disk provided propellant swirl for arc stabilization.
The rear insulator and anode housing were
clamped together by two stainless steel flanges
connected by four bolts. Tolerances were such that,
when the thruster was assembled, the spring forced
compression of the seals between the critical
components so as to maximize swirl strength. The
front flange was modified to accept four sets of
insulated feedthroughs which, in turn, supported four
additional bolts to clamp the anode segments and
insulators together as described below.
Segmented Anode/Nozzle, A cross-sectional
schematic of the anode/nozzle is shown in Figure 2(a).
As mentioned previously, the upstream segment
comprised the converging side of the nozzle and the
constrictor. This segment was made of 2 percent
thoriated tungsten. The converging side of the nozzle
had a 30 ° half-angle and the constrictor was,
nominally, 0.64 mm in diameter and 0.25 mm in
length. Because of difficulty encountered in
fabrication, each of the next three segments were made
from molybdenum rather than thoriated tungsten. A
more detailed schematic of these segments is shown in
Figure 2(b). Each segment was 1.27 mm wide near
the interior surface of the nozzle. A step was cut in
each to allow stacking with the boron nitride insulator
disks, shown in Figure 2(c). At the interior surface of
the nozzle, the boron nitride spacer was 0.25 mm
wide. Each of the molybdenum segments also was
fabricated with a tab designed to accept a slip-on
electrical connector. The final anode segment was
made from 2 percent thoriated tungsten and machined
to accept a stainless steel clamping flange designed to
connect to the forward flange on the anode housing.
The unassembled components are shown in Figure
3(a), and the assembled anode nozzle is shown in
Figure 3(b). When assembled, the nozzle had a 20 °
half angle in the diverging section of the nozzle and an,
arearatioof 225.Thesedimensionsareidenticalto
thosebaselinedforothertests.14,15
Electrical Configuration. A simplified electrical
schematic is shown in Figure 4. The segment
numbering scheme shown will be referred to
throughout the remainder of this report. A standard
pulse-width modulated power processing unit
incorporating a high voltage pulse starting circuit 5
was used in all testing. This was run with a standard
laboratory dc power supply. Each individual anode
segment could be connected to the positive side of the
power supply through a hand operated switch allowing
any combination of the segments to be connected at
any time during experimentation. Individual Hall
current probes were used to monitor the current
through each segment and the readouts from these were
fed to five channels of an eight channel strip chart
recorder. These current monitors were calibrated prior
to testing. The output from the current probe on
segment 1 was also fed to a storage oscilloscope so
that the current transient in this segment on startup
could be observed. A digital multimeter was used to
monitor the potential difference between the cathode
and each segment.
Vacuum Fa¢ilily, All tests were performed in a
vacuum tank 1.5 m in diameter and 5m in length.
This facility was pumped by four oil diffusion pumps
(30,000 lps) backed by a rotary blower and two
mechanical roughing pumps. During arcjet operation,
the pumps maintained the ambient pressure at
approximately 0.65 Pa (5x10 -4 torr). In all testing, a
hydrogen/nitrogen mixture was used as the propellant
and the mixture ratio was set at 2:1 to simulate fully
decomposed hydrazine. Mass flow controllers of the
thermal conductivity type were used in the propellant
flow system and these were calibrated in-situ prior to
the start of testing.
In the preliminary testing performed for this
report, a mass flow rate of 5.0x10 -5 kg/sec was used.
This flow rate corresponds to high end of the pressure
range expected in a typical blowdown propellant
system. The high end was chosen to optimize the
startups and flow stabilization in this device. A
current of 10 amps was used and the typical power
level in the experiments was about 1.1 kW. This
operating point in a baseline thruster (solid anode)
would produce an Isp of about 425 sec and 0.2 N of
thrust with an efficiency of 35 %.
RESULTS AND DISCUSSION
Initial Bum-In and Testing. Because of the fragility of
the anode and insulator segments, long experimental
runs were not anticipated so the arcjet was first
assembled with only the first anode segment and a
freshly tipped cathode. This unit was run in a small
vacuum bell jar, described elsewhere, 7 for an extended
period of time. After some initial instability, typical
of arcjet behavior early in burn-in sequences, stable
steady-state operation was attained. A highly
luminous region was clearly visible at the constrictor
exit. The attachment zone, however, did not appear to
be evenly distributed about the constrictor and the
plume was not symmetric along the axis of the
constrictor. The arcjet voltage climbed rapidly to the
100 volt level indicating that the arc did extend from
the cathode to seat at the end of the constrictor, a
condition commonly known as "high mode." The
voltage and chamber pressure decreased with time 4 and
it was obvious upon disassembly that the cross-
sectional area of the constrictor had increased. The
unit was then reassembled with the "burned-in"
cathode, and the entire segmented nozzle, including a
new first anode segment.
General Observations. Because of the small size of
the anode and insulator segments, and the heat load
typically dissipated in the anode (typically 100-150
watts for 1 kW class devices), it was expected that the
unit would approach thermal equilibrium rapidly and
that long experimental runs would not be possible.
During operation, the segments did heat very rapidly
but runs of up to four minutes were possible. In
many of the tests, periods of time from 5 seconds to 1
minute were necessary before stable, steady-state
operation was obtained. In this time the arc would
frequently go out and then reignite. Some sparking
was observed and the plume during this period was
generally misshapen. When allowed to run through
this period, however, stable operation was normally
obtained with a fully expanded plume and smooth,
uninterrupted current traces on all readouts attached to
the various anode segments. Voltage fluctuations on
startup in arcjet testing and have been ascribed to
motion of the cathode attachment spot before a fixed,
steady state is attained. 7 In long runs under constant
conditions, noise was typically observed on the current
traces after about two minutes of operation. It is
believed that this was due to propellant leaks around
the segments caused by differential expansion as the
end of the thruster, and especially the clamping
flanges, approached thermal equilibrium. It should be
noted that in some of the tests, stable operation was
achieved almost instantly and that the current voltage
characteristics were very similar to those obtained in
tests of similar thrusters with single solid anodes with
the same critical dimensions. A photograph of the
thruster in operation with all of the segments
connected is shown in Figure 5.
Starting Phenomena. Previous experiments have
suggested that the arc discharge initiates upstream of
the constrictor and rapidly moves to seat in the
diverging portion of the nozzle. To confirm this
hypothesis,thearcjetwasstartedwithalloftheanode
switches closed (i.e., all segments at anode potential).
Oscilloscope records of the current transient to
segment 1 showed that all of the current flowed
through this segment for about 25 ms when the
discharge was initiated before being forced to the
diverging section (anode segments 2-5). In steady
state operation, no current flowed through this
segment. A typical oscilloscope trace of the transient
is shown in Figure 6.
Current Distribution and Current-Voltage
Characteristics. A series of tests were conducted to
1.) determine the current distribution across the
nozzle, 2.) determine the voltage-current
characteristics and 3.) determine how these changed as
the arc attachment was forced to different regions of
the nozzle. In most of the tests, the arc was started
with all of the segments connected to the positive
side of the power supply. The arcjet was allowed to
run in this configuration until stable operation was
obtained. This configuration most nearly resembles
normal arcjet operation with a single solid anode
insert. Current traces from a test in which this
configuration was used are shown in Figure 7(a).
From this it can be seen that no current returned
through the first segment after startup and that,
initially, a majority (65-70%) of the current flows
through the second and third segments. As the steady
state condition is approached, however, the current
redistributes slightly. A bar graph showing typical
steady state current distribution is shown in Figure
7(b). This test was representative of most of the
data taken. Typical operating voltage levels in this
configuration ranged between 106 and 115 volts.
There were instances in which the current distribution
was more skewed toward the downstream segments.
The cause of this is not clearly understood at present.
Tests in which the switches were opened in
sequence starting with segment 1 were run and strip
chart recorder data from one of these are shown in
Figure 8(a). The data are also given in tabular form.
From the data it can be seen that when the second
segment is isolated, most of the current it carried
goes to the next downstream segment. When the
third segment was switched out, however, the current
redistributed fairly evenly between the remaining two
segments. Very little hysteresis was observed as the
sequence was reversed (i.e., segments reconnected).
Throughout this experiment, the arcjet thruster ran
very stably. In the configuration in which all of the
current was forced to the segment furthest
downstream, the arc voltage was nearly identical to
that observed in the case in which all of the segments
were connected. From the potential drops observed
between the cathode and the four upstream (isolated)
segments, a rough indication of the voltage gradient
across the nozzle can be obtained. This is shown in
Figure 8(b). The data are averaged from all of the
tests run in this configuration and the voltage
measurements are plotted at the center of each
segment. The average potential difference observed
between the cathode and segment 1, was about 39
volts. A correction factor must be applied to the
floating potential data to obtain the plasma
potential. 16 Assuming that the electron temperature
is between 0.5 and 1.0 eV,17,18 this factor drops the
potential difference by only 2.5 to 5 volts. The
magnitude of this potential difference indicates that
only between 30 and 40 percent of the total power is
dissipated in the constrictor region of the arcjet.
Thus, a significant amount of energy addition occurs
in the divergent section of the nozzle. Further
testing, including measurements of thrust and
structural heating, will be necessary to fully
understand the effects of the energy addition
mechanisms on arc jet performance. These findings,
however, agree with recent experiments in which
nozzle divergent geometries were found important in
determining the position and characteristics of the
anode attachment zone and,arc jet performance. 15
A similar series of tests was pertbrmed to
assess the effect of forcing the attachment to the
upstream regions of the nozzle. In these tests, the
anode was once again started with all of the segments
connected. The segments were then switched out in
sequence starting with segment 5. This test was run
a number of times to examine repeatability. A
significant variation was observed in the current
redistribution pattern when segment 5 was isolated.
In early testing, most of the current flowing through
this segment relocated in segments 2 and 3 with
current flowing through segment 4 decreasing
somewhat (-20%). In later tests, the current from
segment 5 appeared entirely on segment 4. The
remainder of the sequence was quite repeatable,
however. When both segment 4 and segment 5 were
isolated, the current redistributed fairly evenly across
segments 2 and 3. No significant current was
observed through segment 1 until all of the other
segments were isolated. The variation in behavior
noted is not well understood at present. It is
postulated that as the current is forced to attach in
higher pressure regions of the anode, there is a higher
likelihood that the attachment occurs in narrow zones
or in spot mode rather than in a diffuse fashion across
the entire conducting surface. Post-test analysis,
described in the next section, showed that damage
indicative of spot mode attachment had occurred on
the upstream segments.
The voltage measurements followed a trend
similar to that observed in the current measurements.
Two modes were observed when segment 5 was
isolated. In one, the potential difference between the
cathode and this segment remained constant as the
switch was opened (i.e., equal to that observed
between the cathode and the other segments). "['his
occurred when the current from this segment was
observedtoredepositin segment4. Intheother,the
potentialdropwas6-15voltslessthanthatobserved
acrosstheothersegments.Thisoccurredwhena
largepart of the currentfrom segment5 was
distributedtosegments2and3whensegment5was
isolated.
In alltestsinwhichsegments4 and5 were
isolated,thepotentialdropsobservedwereabout15
voltslessthanthosebetweentheconnectedsegments
andthecathode.Thefloatingpotentialon these
segmentscanbecorrectedto obtaintheplasma
potentialaspreviouslydiscussed.Thedifference
betweentheplasmapotentialandthatmeasuredon
theconnectedsegmentsshould,asa.first order
approximation,be equivalentto the anodefall
voltage.Thus,it appearsthatin normaloperation
theanodefall voltageisbetween10and20volts.
Whensegment3wasswitchedoutnochangein its
potentialwasobserved.However,whenall the
currentwasforcedtosegment1,averylargechange
in operating mode was observed. In this case, the
voltage drop between this segment and the cathode
went up to approximately 120 volts (from 115
volts). The potential difference between the other
segments and the cathode, however, dropped to 70-75
volts. This is shown in Fig. 9. Thus, it appears
that when the current is forced to this segment (into
the high pressure region) there is a significant
increase in the anode fall voltage. As in the case of
the energy addition mechanism, further testing of this
unit, particularly on a thrust s/and so that efficiency
measurements can be obtained, will be necessary
before this conclusion can be reached with certainty.
Post-Test Segment Analysis. Disassembly and
inspection showed that segments 4 and 5 had very
small spots where melting had occurred near the
interface between the boron nitride and the tungsten.
This damage was minimal and likely occurred at
startup. Segment 3 had slightly more damage in this
area and there were some small balls of tungsten on
the segments inner surface that resembled those seen
at the constrictor exit in other tests. 7,13 Aside from
these, however, the surface was very clean with no
evidence of localized melting. This was not the case
for segment 2. This segment sustained damage in the
form of localized melting and a molten droplet
extended out to contact the boron nitride insulator on
the downstream side of this segment. Continuity
checks during the test indicated that there was no
contact between this segment and segment 3. A
scanning electron microscope (SEM) photograph of
Ibis segment is shown in Figure 10. Localized
melting was also observed on the downstream surface
of segment 1 (the segment comprising the
converging section and throat of the nozzle). It is
likely that the damage to these segments was caused
by spot anode attachment during startup and when the
arc current was forced to flow through these
segments. The boron nitride insulators held up fairly
well through the testing. While most of them had
developed large cracks, they did not come apart until
they were removed from the thruster, so it did not
appear they had failed in their function during the
experiment. All showed signs of some chipping, or
loss of material, near the nozzle edges and this was
more pronounced on the upstream insulators.
CONCLUDING REMARKS
A segmented anode/nozzle was fabricated and
tested in a low power (lkW class) arcjet thruster in
order to study the current distribution and other
phenomena in the attachment region. The critical
dimensions of the nozzle matched those of solid
nozzles commonly used in previous arcjet testing.
The anode was designed so that current could be
collected across any combination of the segments.
The current through each segment was monitored, as
was the potential between the cathode and each of the
segments. The starting transient on the first segment
(comprising the converging side of the nozzle and the
constrictor) was also studied.
The starting transient measurements showed
that the discharge initiated upstream on the first
segment and then moved rapidly to the diverging
section of the nozzle. With all of the segments
connected to the positive side of the power supply,
no current was observed in the upstream segment
after the brief initial (~25ms) starting transient. In
this configuration, the current attached diffusely
across all of the segments in the diverging side of the
nozzle.
By isolating the upstream segments (i.e.,
forcing all of the current to attach in the last
downstream segment) floating potential
measurements were obtained and these provided a
rough approximation of the voltage gradient across
the arc column. These measurements showed that
more than 50 percent of the energy input to the
device occurs in the diverging section of the nozzle.
Further experimentation, including measurements of
both thrust and structural heating, will be necessary
to gain a full understanding of the energy partitioning
in this region.
By isolating the downstream segments and
monitoring the floating potential, a rough
approximation of the anode fall voltage was obt,_ned.
These preliminary measurements indicated that when
the arc is allowed to seat in the diverging section, the
anode fall voltage is between 10 to 20 volts. When
forced to the high pressure segment, however, this
appeared to increase by at least a factor of two.
Further measurements of both device efficiency and
1.
.
.
.
.
.
"7.
.
structural heating will be necessary to confirm these
conclusions about the anode fall zone. Post-test
analysis of the segments did show evidence of
melting and spot attachments in the upstream region.
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Figure 1. Cross-sectional schematic of the arcjet thruster.
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Figure 3. Segmented anode arcjet.
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Figure 4. Simplified diagram of electrical configuration.
Figure 5. Arcjet in operation.
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(segment 5 only connected)
Figure 8. Data from tests in which upstream segments were isolated.
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Figure 9. Floating potential data (Segment 1 only conducting).
Figure 10. SEM photograph of downstream side of segment 2. (post-test).
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